In this paper, the performance of multiuser MIMO E-SDM systems in downlink transmission is evaluated in both uncorrelated and correlated time-varying fading environments. In the ideal case, using the block diagonalization scheme, inter-user interference can be completely eliminated at each user; and using the E-SDM technique for each user, optimal resource allocation can be achieved, and spatially orthogonal substreams can be obtained. Therefore, a combination of the block diagonalization scheme and the E-SDM technique applied to multiuser MIMO systems gives very good results. In realistic environments, however, due to the dynamic nature of the channel and processing delay at both the transmitter and the receiver, the channel change during the delay may cause inter-user interference even if the BD scheme is used. In addition, the change may also result in large inter-substream interference and prevent optimal resource allocation from being achieved. As a result, system performance may be degraded seriously. To overcome the problem, we propose a method of channel extrapolation to compensate for the channel change. Applying our proposed method, simulation results show that much better system performance can be obtained than the conventional case. Moreover, it also shows that the system performance in the correlated fading environments is much dependent on the antenna configuration and the angle spread from the base station to scatterers. key words: multiuser MIMO systems, eigenbeam-space division multiplexing E-SDM, channel extrapolation, time-varying fading environments
Introduction
The use of multiple antennas at both ends of a communication link, commonly referred to as a multiple-input multipleoutput (MIMO) system, has been widely studied and is considered as a prospective technology to provide high data rate transmission and good performance for the dramatically growing wireless communications demands nowadays. For applications such as wireless LANs and cellular telephony, MIMO systems will likely be deployed in environments where a single base station (BS) must communicate with many users simultaneously [1] - [7] . In the downlink transmission scenario, inter-user interference (IUI) occurs at each user due to simultaneous transmission of users' signals from the BS. A very good solution to completely eliminate the IUI to increase system performance is to use a block diagonization (BD) scheme [4] - [6] . This scheme can decompose the multiuser MIMO channel into multiple parallel and independent single-user MIMO channels by forcing the interference on a user from the remaining users to be zero. In a single-user MIMO case, it is well known that the MIMO system applying an eigen-beam space division multiplexing (E-SDM) technique, also called Singular Value Decomposition (SVD) based MIMO system or MIMO eigenmode transmission system, is optimum because the optimal resource allocation can be achieved, and spatially orthogonal substreams can be obtained at a receiver [8] - [13] . Therefore, a natural combination of the BD scheme and the E-SDM technique applied to multiuser MIMO systems gives very good results in terms of system performance.
In realistic environments, however, due to the dynamic nature of the channel and the processing delay at both the transmitter and the receiver, a channel change during the delay may cause IUI even if the BD scheme is used. In addition, the change may also result in large inter-substream interference (ISI) and prevent optimal resource allocation from being achieved. As a result, system performance may be seriously degraded.
Taking the problem into account, in this paper, we propose a method of channel extrapolation to compensate for the channel change. In our proposed method, just only two previous channel responses are needed and the maximum Doppler frequency ( f D ) does not need to be known.
Most of the previous studies have investigated and evaluated multiuser MIMO systems in independent and identically distributed (i.i.d.) fading environments, in which none of the MIMO channels are correlated. However, in realistic environments, channel correlations exist and affect the system performance. Unfortunately, to the best of our knowledge, only a few papers have considered the performance of multiuser MIMO systems in such correlated fading environments [2] , [3] .
In this paper, we evaluated the performance of multiuser MIMO E-SDM systems using the conventional and our proposed methods in both uncorrelated and correlated time-varying Rayleigh fading environments. Hereinafter, the following notations will be used. Boldface uppercase (lowercase) letters denote matrices (column vectors); X X X(or x x x) ∈ C M×N denotes an M × N matrix X X X (or vector x x x if N = 1) with M × N complex value elements.
Our paper is organized as follows. In Sect. 2, we describe the multiuser MIMO E-SDM systems. Next, we propose a method of channel prediction in Sect. 3 . We compare and evaluate the performance of multiuser MIMO E-SDM Copyright c 2009 The Institute of Electronics, Information and Communication Engineers systems in both uncorrelated and correlated time-varying fading environments in Sect. 4. Conclusions of the paper are given in Sect. 5. Finally, channel correlations in correlated environments are considered in the appendix.
Multiuser MIMO E-SDM Systems
A block diagram of a multiuser MIMO E-SDM system is shown in Fig. 1 , where N T antennas are located at the base station (BS) and N Rk antennas are located at the k-th user, and there are K active users in the system. At the BS, the input data for each user are dynamically divided into substreams. Let s k (t) ∈ C L k ×1 represent the transmit data symbol vector for the k-th user, where L k is the number of parallel data symbols transmitted simultaneously for the k-th
. This data symbol vector is multiplied by a transmit (TX) weight matrix W TX,k ∈ C N T ×L k , and then each of the N T output data is transmitted by each of the N T TX antennas.
We assume that the channel is so narrow that no frequency selective fading occurs. This assumption is made to evaluate the effect of time-varying channels to the performance of multiuser MIMO systems apart from the effect of frequency-selective fading. For wide-band transmission, the orthogonal frequency division multiplexing (OFDM) or the orthogonal frequency division multiplexing access (OFDMA) can be employed. For each subcarrier where we can assume a narrow-band channel, the results obtained in this paper are valid for non-coded OFDM and non-coded OFDMA.
At the k-th user, the received signals r k (t) ∈ C N Rk ×1 can be given by
where H k ∈ C N Rk ×N T denotes the MIMO channel matrix of the k-th user, n k (t) ∈ C N Rk ×1 denotes the noise vector, whose elements are i.i.d. zero mean complex Gaussian random variables with variance σ 2 . The first term in (2) is the desired signal, meanwhile the second term is the interference Fig. 1 Model of a multiuser MIMO E-SDM system. from the other K − 1 users to the k-th user. The received signals are demultiplexed by a receive (RX) weight matrix W RX,k ∈ C L k ×N Rk as follows:
where
Block Diagonalization Scheme
To completely eliminate IUI in (2), the TX weight matrices must be selected as follows:
A BD scheme is described in [4] - [6] . For the scheme, the following condition must be satisfied in order to find the nonzero TX weight matrices:
Define a matrix aŝ
where (·) T denotes the matrix transpose.
where (·) H denotes the Hermitian matrix transpose, andV 
where T k ∈ CN k ×L k denotes a nonzero arbitrary matrix. By substituting (4) and (8) into (2), we can obtain
This means that the multiuser MIMO system has been decoupled to K parallel single-user MIMO systems by using the BD scheme.
Eigenbeam-Space Division Multiplexing Technique
From (9), the equivalent single-user MIMO channel and the equivalent TX weight of the k-th user can be represented as
Applying an E-SDM technique [9] , [10] to each equivalent single-user MIMO channel, the equivalent MIMO channel is optimum because the optimal resource allocation can be achieved and spatially orthogonal sub-streams can be obtained at the receiver. In this case, the optimal equivalent TX and RX weights for the k-th user can be determined as follows:
is the TX power matrix for the k-th user, and V eq,k is the right unitary matrix of the SVD of H eq,k given by
Substituting (10) into (8), the TX weight matrix for the k-th user is
Using (10)−(13), the demultiplexed signals in (3) become as follows:
This result shows that the E-SDM technique transforms the equivalent single-user MIMO channel into L k orthogonal subchannels. In this paper, we assume that TX power for each user is identical and fixed, and also that the data rate for each user is fixed identically. Under the TX power constraint, by adaptively assigning data resource and transmit power for each stream, the bit-error rate (BER) performance of each user is optimized [9] , [10] .
Channel Prediction Scheme
As shown in the above section, in the ideal case, in which the TX weight matrices completely match instantaneous MIMO channels, using the BD scheme, IUI can be completely suppressed. In addition, applying the E-SDM technique to each user, the optimal resource allocation can be achieved and spatially orthogonal subchannels can be obtained. However, in realistic environments, due to the dynamic nature of channels, a channel change during the time interval between the TX weight matrix determination and the actual downlink (DL) data transmission may cause IUI and ISI. For example, let us consider a 2-user MIMO system with 4 TX antennas at the BS and 2 RX antennas at each user. These users are moving at a constant velocity v. When the time interval does not exist (for the ideal case), based on (3) the demultiplexed signals at user 1 can be written as
When the time interval exists (for the realistic case), the demultiplexed signals are given by
where τ denotes the time interval.
Assuming that the velocity of these users are 5.77 m/s, which corresponds to f D of 100 Hz at the carrier frequency of 5.2 GHz, and the BS transmits two QPSK streams to each user in the downlink channel. At time t, MIMO channel matrices of two users are assumed to be as follows: 
Based on Sect. 2, W RX,1 (t), W TX,1 (t), and W TX,2 (t) can be determined. Then, replacing them into (15), the demultiplexed signals at user 1 become:
This is the result for the ideal case. The above zero matrix means that IUI is completely eliminated, and the diagonal matrix indicates that there is no ISI in user 1. For the realistic case, assuming that the time interval τ = 0.25 ms, the MIMO channel matrices of two users at time t + 0.25 are given by 
They were obtained using Eq. (24) described later in Sect. 4. Based on Eq. (16), the demultiplexed signals at user 1 become: Here, unlike the ideal case, the second matrix is not a zero one. This implies that IUI from user 2 occurs. In addition, the first matrix is not a diagonal one. This indicates that two subchannels are not orthogonal each other, thus ISI exists. Consequently, the IUI and ISI degrade the system performance.
Taking the problem into account, we propose a method of channel extrapolation to reduce the effect of channel change. In our proposed method, just only two previous channel responses are needed and f D does not need to be known.
In this study, a time division duplexing (TDD) system † such as HIPERLAN/2 [14] , [15] is considered. It is assumed that sounding packets are sent from each user periodically in the TDD uplink channels, and the channel state information (CSI) of each user is then estimated at the base station. ACK packet can be used when it is transmitted. This study also assumes that there is error-free transmission, i.e., sounding packets are always obtained perfectly.
In our proposed method, we first estimate the channel using the last two successive uplink sounding packets. The channel is linearly extrapolated to the actual DL transmission time as shown in Fig. 2 , and the predicted value is given byĥ
where T f is the frame duration of the TDD system, τ is the time interval between the TX weight matrix determination and the actual DL packet transmission, h i j,k (t 1 ) and h i j,k (t 2 ) are the observed channel values from the j-th TX antenna of the BS to the i-th RX antenna of the k-th user at times t 1 and t 2 , respectively. Also,ĥ i j,k (t 2 + τ) is the predicted channel value for the actual DL transmission time t 2 + τ.
Note that the simplest method of obtaining the channel for the DL packet is not to extrapolate the channel but to use h i j,k (t 2 ). We consider that this is the conventional method without the extrapolation.
Performance Analyses

Simulation Parameters
Simulation parameters are shown in Table 1 . Here, we as- rates were fixed constantly at 4 and 6 bps/Hz (bits per symbol duration) for the case of N R = 2 and 3, respectively. The number of substreams was dependent on the resource adaptation, specifically the modulation scheme and the transmit power. When N R = 2, we had two cases of the resource selection, namely: 16QAM × 1 (1 stream) and QPSK × 2 (2 streams). Meanwhile, when N R = 3, three cases with possible resource selection were 64QAM × 1 (1 stream), 16QAM × 1 + QPSK × 1 (2 streams), and QPSK × 3 (3 streams).
The reason why we need resource selection is because we should send more bits over a substream with higher SNR and fewer bits over a substream with lower SNR to obtain better BER under the fixed data rate requirement. Thus, we need to determine the modulation scheme for each substream considering SNR that was stated in Sect. 2. Also, we need to allocate the transmit power to each substream properly. The number of substreams, modulation schemes, and power allocation for each user were adaptively determined in such a way that the Chernoff upper bound of BER of each user had the lowest value [9] , [10] . The total transmit power per user was assumed to be equal. This study also assumed that the frame duration of the TDD system was 2.0 ms, as in the HIPERLAN/2 standardization [14] , [15] , and the delay of actual DL data transmission was 0.25 ms. HIPERLAN/2 [14] , [15] was specified by the European Telecommunications Standards Institute -Broadband Radio Access Networks project. Some parameters and concepts of HIPERLAN/2 are assumed in this paper. The system operates at 5 GHz frequency band and can provide data rates of up to 54 Mbps for short-range (up to 150 m) communi- † Although a TDD system is considered in the paper, the obtained results are equivalently applied to a frequency division duplex scheme in which CSI is estimated at each user based on pilot signals or training symbols and then fed back to the base station.
cations in indoor and outdoor environments. The air interface of the HIPERLAN/2 standard is based on TDD and dynamic time-division multiple access (TDMA). The basic frame structure on the air interface has a fixed duration of 2 ms, and the data units to be transmitted via the physical layer are bursts of variable length. The system may be used in some different scenarios such as:
• Infrastructure replacement scenario, i.e., when HIPER-LAN/2 could be used instead of cabling.
• Cordless access scenario, in which users need to use HIPERLAN/2 in different locations at different times 
, and (9 × 3 × 3). possibly maintaining connectivity while in transit.
• Wireless access to infrastructure scenario.
• Specialized portable applications scenario, i.e., user has a personal digital assistant (PDA) type device mainly for specialized applications, e.g. maintenance or surveillance.
• Domestic premises scenario, i.e., HIPERLAN/2 is used in the home environment.
• Wireless manufacturing automation scenario, i.e., HIPERLAN/2 is used in a factory or a large assembly/building facility.
• Internet work communication scenario.
Terminals used in HIPERLAN/2 could be personal computers, portable computers, workstations, PDAs, intelligent transportation elements, autonomous/automatic vehicles, surveillance systems, etc. Depending on scenarios, the mobility of the terminals may be fixed, walking speed, or slow vehicles limited within 10 m/s (i.e., the maximum Doppler frequency is less than 173 Hz for the carrier frequency of 5.2 GHz). Here, two f D values of 20 and 100 Hz were considered, which corresponded to two terminal's velocities of 1.15 and 5.77 m/s, respectively. The mobility can be considered as walking speed or slow vehicles.
In the paper, it is assumed that the channel state information is obtained perfectly at the BS and the users, and that the packet duration is so short that the channel change within the packet is negligible. The channels are assumed to be constant within a data packet and change between data packets according to the following Eq. (24). This means in this study that channels are assumed to be quasi-static. In the simulation, time-varying flat fading channels based on the Jakes model [16] were considered as follows:
where M denotes the number of scatterers uniformly distributed around each user, β m denotes the direction of signal arrival from the m-th scatterer, θ i, j,k,m denotes the random initial phase, and h i, j,k (t) denotes the fading channel from the j-th TX antenna to the i-th RX antenna of the k-th user. From (24), fading channels can be easily determined after the time delay from sounding packet t = τ at the maximum Doppler frequency f D .
Performance in Uncorrelated Environments
In this subsection, we evaluate the performance of multiuser MIMO E-SDM systems in i.i.d. Rayleigh fading environments, in which there are no correlations between any channels. The average BER performance versus normalized TX power for f D = 20 and 100 Hz is shown in Fig. 3 . The average BER is defined as follows:
Average BER = total error bits f or each user total transmitted bits f or each user = total error bits f or each user 100, 000
The normalized TX power is defined as follows: We assume in the paper that antenna arrays at the BS and users consist of omni-directional antenna elements. Normalized TX power is the transmitted power per user that is normalized by the value yielding average E s /N 0 of 0 dB at the single omni-directional antenna receiver when a signal is transmitted from the single omni-directional antenna. E s and N 0 denote the energy received during a symbol interval and thermal noise power spectrum density, respectively. Note that E s /N 0 is equal to SNR. It is seen that when N R increases, better performance can be obtained due to higher diversity gain. When f D = 20 Hz, the performances for the conventional method without the extrapolation (denoted as noextra in Fig. 3 ) and our proposed extrapolation method are almost the same. This is because the channels changed a little during the time interval τ, therefore introducing small IUI and ISI. Any detection weight, MRC or MMSE, can give good performance. However, when f D is as high as 100 Hz, the performance for the conventional method is seriously degraded. The reason is that during the time interval τ the channels had a large change, which resulted in large IUI even if the BD scheme is used, and caused large ISI due to a large loss of subchannel orthogonality for each user. It is also observed that the MMSE weight is superior to the MRC one because MMSE can suppress more interference. On the other hand, in our proposed method, in which the channels are extrapolated to the actual downlink transmission time and MMSE weights are used for detecting received signals, the channel changes during the time interval τ were compensated, thus IUI and ISI were significantly suppressed and the resource allocation for each user was more adequate. As a result, much better BER performance can be obtained compared with that in the conventional case. It should be noted that although the performance for the ideal case (i.e., τ = 0) was not shown here, it is almost the same as the performance for the extrapolation case when f D = 20 Hz. From Fig. 3 , it can be seen that at f D = 100 Hz, the more the number of users is, the more the performance of the conventional case is degraded due to the larger IUI and ISI; meanwhile our proposed method gives very good results.
Average BER performance versus the maximum Doppler frequency at the normalized TX power of 20 dB in uncorrelated environments is shown in Fig. 4 . It is observed that the performance of the non-extrapolation case is seriously degraded in time-varying fading environments. Meanwhile, using our proposed linear channel extrapolation method, the performance is good in the range of the f D until about 100 Hz, and begins to be degraded when f D is above about100 Hz.
Performance in Correlated Environments
In realistic environments, channel correlations exist between the BS and users. These affect the system performance. Therefore, we investigate the system performance in correlated Rayleigh fading environments. In this subsection the BER performance is examined, while TX and RX channel correlations for two-user case are considered in the appendix.
This study assumed the positions of BS and users shown in Fig. 5 . There was a ring of 13 uniformly distributed scatterers surrounding each user, and the angle spread Δθ from the BS to each ring of scatterers was equal to π/10 and π/4. At the BS and users, uniform linear arrays were considered. Two array orientations as shown in Fig. 6 were examined. One is TX-x/RX-x, in which the antenna arrays at the BS and users were along the x-axis. The other is TX-y/RX-y, in which the arrays at the BS and users were along the y-axis. It should be noted that x-and y-axes were defined as shown in Fig. 5 . In addition, two cases of antenna spacing (AS) were examined such that 1-AS between adjacent elements was half of the wavelength (0.5λ) at all the BS and users, and 2-AS was 1.0λ at the BS, and 0.5 λ at all the users.
The average BER performance of user 1 for f D = 20 and 100 Hz in the correlated environments when (N T × N R × K) = (4 × 2 × 2), (6 × 2 × 3), and Δθ = π/10 is shown in Fig. 7 . The performance is much dependent on the antenna configuration. In both cases of K = 2 and 3, better performance can be obtained for the TX-y/RX-y orientation than for the TX-x/RX-x orientation. This is due to the lower TX and RX inter-user channel correlations with the TX-y/RX-y orientation as shown in Tables A· 1 and A· 5 in the appendix. It is interesting that when the AS at the BS is extended from 0.5λ to 1.0λ, better performance gain can be obtained for the the TX-x/RX-x orientation than for the TX-y/RX-y orientation. The reason for this is that both TX and RX interuser channel correlations with the TX-x/RX-x orientation were considerably reduced with the extention; meanwhile with the TX-y/RX-y orientation, the TX correlations were decreased, but the RX inter-user ones were not as shown in Tables A· 1 and A· 5. As in the uncorrelated environments, performance of the conventional and our proposed methods are almost the same at f D = 20 Hz; however, in the case of f D = 100 Hz, our proposed method outperforms the conventional one.
The average BER performance of user 1 for f D = 20 and 100 Hz when (N T × N R × K) = (6 × 3 × 2), (9 × 3 × 3), and Δθ = π/10 is shown in Fig. 8 . The same tendency can be observed as in the above described case of (N T × N R × K) = (4 × 2 × 2), (6 × 2 × 3). In addition, compared with the results as shown in Fig. 7 , worse performance can be seen for the TX-x/RX-x orientation, but better performance can be obtained for the TX-y/RX-y orientation. This is because the TX and RX channel correlations with the TX-x/RX-x orientation were very high as shown in Tables A· 3 and A· thus diversity gain seemed to be not effective. On the other hand, due to the low TX and RX channel correlations, the diversity gain is obtained for the TX-y/RX-y orientation.
The average BER performance of user 1 for f D = 20 and 100 Hz when (N T × N R × K) = (4 × 2 × 2), (6 × 2 × 3), (6 × 3 × 2), (9 × 3 × 3), and Δθ = π/4 is shown in Figs. 9 and 10. Here, it is also observed that the performance is much dependent on the antenna configuration as discussed previously. Furthermore, it is also seen that when the angle spread from the BS to the ring of scatterers increases, better performance can be obtained. This obviously results from the lower TX and RX inter-user channel correlations as shown in Tables A· 2, A· 4, A· 6, and A· 8.
Average BER performance of user 1 versus the maximum Doppler frequency at the normalized TX power of 20 dB when (N T × N R × K) = (4 × 2 × 2) & (6 × 2 × 3), Δθ = π/10 & π/4, and AS = 0.5λ is shown in Fig. 11 . For the TX-x/RX-x orientation, the performances of the non-extrapolation case and our proposed method are not much different. However, for the TX-y/RX-y orientation, the difference between our proposed method and the nonextrapolation case is shown very clearly, and our proposed method is considerably superior to the non-extrapolation case. The reason for this is that channel correlations are high for the TX-x/RX-x orientation, thus the channels change similarly. In this case, although the diversity effect is small, the effect of the channel tracking error is not serious. On the other hand, for the TX-y/RX-y orientation, channel correlations are lower and thus better diversity can be obtained. However, channels change more rapidly during the time interval τ. This causes the performance of the nonextrapolation case to be seriously degraded. On the other hand, by compensating for the channel change, performance of our proposed method is much better. Here, it is observed that our proposed method can be applied in the range of the f D until about 120 Hz.
In this paper, the time delay τ is assumed to be 0.25 ms. Simulation results have shown that the proposed linear channel extrapolation method is superior to the conventional case (non-extrapolation case). However, when the delay is longer and/or the maximum Doppler frequency is higher than 100 Hz for the uncorrelated case or 120 Hz for the correlated case, inter-user interference and inter-subchannel interference are larger. Applying the proposed linear extrapo- lation method, the system performance may be degraded. In such a case, instead of using the linear method, the two different extrapolation methods proposed by the authors [11] , the second-order extrapolation or the exponential extrapolation, can be employed to improve the system performance.
Conclusion
In this paper, the performance of multiuser MIMO E-SDM systems was evaluated in both uncorrelated and correlated time-varying fading environments. In the environments, due to a channel change during the time interval between the TX weight matrix determination and the actual DL data transmission, the IUI and ISI were not completely eliminated even if the BD scheme and the E-SDM technique were used. As a result, simulation results based on computer-generated data showed that the system performance can be seriously degraded. To overcome the problem, we have proposed a method of channel extrapolation to compensate for the channel change. Applying our proposed method, the results showed that the performance can be significantly increased. Moreover, it was also shown that the system performance in the correlated fading environments was much dependent on the antenna configuration and the angle spread from the base station to scatterers.
In this paper, the performance of multiuser MIMO systems have just been evaluated in narrow-band flat fading environments. For wide-band transmission, frequencyselective fading channels exist and cause inter-symbol interference. It is well-known that OFDM, OFDMA, and single carrier modulation with frequency domain equalization are common techniques to deal with the interference. As stated in Sect. 2, the results obtained in this paper are valid for each subcarrier in non-coded OFDM or non-coded OFDMA systems. However, the extension of the scheme described in this paper to realistic wide-band systems is future work. 
Appendix: Channel Correlations
In realistic environments, channel correlations exist between the BS and users. These affect the system performance. Therefore, in this appendix, the TX channel correlations between TX antennas at the BS and the RX channel correla- tions between RX antennas in each user and inter-users are considered in the correlated environments as described in Sect. 4.3. The TX channel correlation ρ TX,i j between the i-th and j-th TX antennas at the BS is given by
Meanwhile, the RX channel correlation ρ RX,i(k) j(l) between the i-th RX antenna of the k-th user and j-th RX antenna of the l-th user is defined as follows: 
where 1 ≤ k, l ≤ K. Note that in the above equation, when k = l we have the RX intra-user channel correlations, i.e., correlations between RX antennas for the same user, and when k l we have the RX inter-user channel correlations, i.e., correlations between RX antennas of two different users. It should also be noted that the absolute values of ρ TX,i j and ρ RX,i(k) j(l) are in the range from 0 to 1, |ρ TX,i j | = |ρ TX, ji |, and |ρ
The TX channel correlations between TX antennas at the BS when (
and Δθ = π/10 & π/4 are shown in Tables A· 1, A· 2, A· 3, and A· 4. The correlations are higher for the TX-x/RX-x orientation than for the TX-y/RX-y orientation. This can be proved as follows: The configuration of the RX array does not affect the TX channel correlations. The point is the configuration of TX antennas at the BS. Also, it should be noted that User 1 and User 2 are located symmetrically about the x-axis as shown in Fig. 5 
for the TX−x case
for the TX−y case
It is easily seen that Y 1 (r) is a real-valued number, and that the real part of X 1 (r) is Y 1 (r). Then, we have |
r=1 X 1 (r)|. From this inequality and the Eq. (A· 1), we can see that ρ TX,i j has a higher value for the TX-x/RX-x case than for the TX-y/RX-y case. It is also observed that when AS at the BS is extended from 0.5λ to 1.0λ, the correlations for both the array orientations significantly decrease. In addition, when angle spread Δθ from the BS to each ring of scatterers is increased from π/10 to π/4, the correlations considerably reduce.
Different from the single-user MIMO case, for the multiuser MIMO systems, both intra-user and inter-user channel correlations should be considered. The RX intra-user and inter-user channel correlations when (
and Δθ = π/10 & π/4 are shown in Tables A· 5, A· 6, A· 7, and A· 8. The RX correlations are much smaller than the TX ones. This is because scatterers are uniformly distributed around each user, hence the angle spread from the RX arrays to rings of scatterers is equal to 2π. The larger the angle spread, the smaller the correlation. It is interesting that the RX intra-user correlations for two users are the same and do not depend on the changes of the array orientation at both the BS and users, the antenna spacing at the BS, and the angle spread from the BS to the rings of scatterers. The reason for this is because the angle spread for the RX is 2π independently of the RX array orientation. It should be noted that the environment concerned here is Rayleigh fading, i.e., there are not line-of-sight waves from the BS to users. While the intra-user correlations are constant, the inter-user ones are dependent on the array orientation and the changes at the BS. Lower inter-user correlations can be seen for the TX-y/RX-y orientation compared with the TX-x/RX-x orientation. In addition, when AS at the BS is extended or when the TX angle spread increases, inter-user correlations reduce more for the TX-x/RX-x orientation than for the TX-y/RX-y orientation. 
